Chicken embryos inoculated with Brucellu abortus at 6 , 10, and 12 days of incubation were examined by light and electron microscopy. B. abortus was identified by avidin-biotin immunoperoxidase and immunogold techniques. Death occurred from 2 to 5 days post-inoculation, depending on age of the embryo and route of inoculation. B. abortus was recovered from all infected eggs. Brucellae had spread throughout all tissues and localized preferentially within cells of mesodermal derivation. Organ distribution and degree of bacterial replication varied with age of the embryo at time of inoculation. In 6-day-old embryos, B. abortus localized preferentially in endoderm and mesoderm of yolk sac wall, extra-and intraembryonic serosal epithelia, and glomeruli of the mesonephros. In 10-and 12-day-old embryos, B. abortus spread to all tissues; renal glomeruli, liver, spleen, and heart were most severely infected. Intracellular B. abortus was within the rough endoplasmic reticulum of mesenchymal, mesothelial, yolk endodermal, and hepatic cells. In mononuclear phagocytes, endothelial cells, and granulocytes, bacteria were within membrane-bound vacuoles. Intracellular replication of B. abortus in embryonic tissues, especially yolk endoderm, closely resembled that in experimental infections of trophoblasts.
Brucellu abortus, a facultative intracellular bacterium, produces a chronic infection which in pregnant cattle is manifested by abortion. It preferentially localizes in chorioallantoic trophoblasts.2 Recently, Anderson el al. reported that B. abortus first enters the erythrophagocytic trophoblasts of caprine placentomes and then replicates in rough endoplasmic reticulum (RER) of periplacentomal chorioallantoic trophoblasts.',* This localization in trophoblasts appears to be unique; generally, intracellular bacteria and protozoa are located inside phagosomes or free in host cell cytoplasm. 27 Mechanisms of B. abortus entry into the erythrophagocytic trophoblast and its transport to the RER of the chorioallantoic trophoblast are unknown.
The chicken embryo provides a convenient, readily available, and essentially germ-free ~y s t e m .~ Brucellae can infect embryonated eggs by all classical routes of inoculation.'* They replicate intracellularly in most cell types derived from the three primary germ layer^,^,'^ but have greater affinity for cells of mesodermal origin, especially endothelial cells.6
Although B. abortus is not a significant pathogen of avian species, chicken embryos could provide a useful in ovo model to study early cellular events ofB. abortus infection in embryonic membranes. This study was designed to determine the suitability of this model. We were especially interested in the organs and cells preferentially parasitized by B. abortus and by the exact intracellular location of the organism.
Materials and Methods
White Leghorn chicken embryos were obtained from the National Animal Disease Center (NADC) inbred line. The eggs delivered 2 days before inoculation were kept on arrival and throughout the experiments in a humid chamber at 37 C.
The study was divided into three experiments. In experiment 1, 30 6-day-old embryos were inoculated via the yolk sac (YS). In experiment 2,30 12-day-old eggs were inoculated on the chorioallantoic membrane (CAM). Samples from these two experiments were examined by light and electron microscopy. In experiment 3, 25, 15, and 25 10-day-old embryos were inoculated using the YS, CAM, and intravenous (IV) routes, respectively. These last embryos were processed for histological examination only. All eggs were inoculated with B. abortus (strain 19) using standard Bacteria were suspended in 0.2 ml saline solution for YS and CAM inoculations and in 0.1 ml for IV injection. Saline solution-inoculated eggs were controls (Table 1) .
Eggs were candled twice daily. Embryos dying within the first 24 hours were discarded. Beginning on post-inoculation day 2, living and dead embryos were sampled at regular intervals until the last viable embryo was collected (Table  1) . Tissues sampled included yolk, chorioallantoic and amniotic membranes, liver, spleen, kidney, lung, and heart.
In experiment 1, samples from viable infected and control embryos were fixed overnight in a mixture of 3% glutaraldehyde and 2% paraformaldehyde in a 0.1 M sodium cacodylate buffer, pH 7.2 with 5% sucrose and 0.025% anhydrous calcium chloride added. For experiment 2, 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4 was used. After aldehyde fixation, samples were washed and Sections from all sampled tissues were processed for histologic examination. They were routinely processed, embedded in paraffin, cut at 6 fim, and stained with hematoxylin and eosin (HE). Localization of B. abortus in all sampled tissues was done by immunoperoxidase techniques as previously de~cribed.'~ Samples for electron microscopy were post-fixed in osmium tetroxide, infiltrated and embedded in epoxy resin, sectioned at 70 to 90 nm, and examined with an electron microscope. Immunogold labeling of B. abortus was done using techniques previously described.' Yolk, allantoic fluid, or amniotic fluid were sampled with a sterile cotton swab which was then streaked on a plate of tryptose agar containing 5% bovine serum. After 48 to 72 hours incubation, B. abortus colonies were identified by colony morphology and growth characteristics.
Results
Pure cultures of B. abortus were isolated from all inoculated eggs. Death occurred between 2 and 5 days post-inoculation and varied according to the age of the embryo and route of inoculation (Table 1) . Gross findings in infected embryos consisted of congestion of all tissues and multifocal hemorrhages. In older embryos, sampled on post-inoculation days 4 and 5 , livers and spleens were enlarged and had mottled tan and red surfaces. B. abortus was detected in all inoculated embryos using the immunoperoxidase technique (Tables  2, 3 ).
Light microscopy
Yolk sac inoculation of 6-day-old embryos. B. abortus was first detected in the yolk membrane. Bacteria were within individual endodermal cells which were located randomly throughout the area vasculosa and below the endoderm within mesenchymai cells located on both sides of the exocoelom (Fig. 1) . In cross sections of the yolk and allantoic stalks, B. abortus was within mesothelial cells lining the extraembryonic somatopleure and splanchnopleure. 
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Intraembryonic localization of B. abortus was first seen at 60 and 72 hours post-inoculation in dead and viable embryos, respectively. Peritoneal epithelium and the mesonephros glomeruli were the first and most prevalent intraembryonic sites of B. abortus (Figs. 2,  3 ) . The extent and localization of the serosal infection were highly variable. Parietal and visceral serosa in the inferior part of the abdominal cavity where the yolk stalk enters the body were frequently involved. At 84 hours post-inoculation, B. abortus was diffusely distributed in all tissues and organs. Bacteria were mainly intracellular within mesenchymal cells. However, extracellular organisms were inside blood vessels or in the interstitium surrounding infected cells.
Chorioallantoic inoculation of 12-day-old embryos. Two days after inoculation, B. abortus was only found at the site of inoculation, where normal ectoderm was replaced by stratified squamous epithelium. Colonies of B. abortus were in the hematomas and cellular debris covering the membrane. Four days after inoculation, a severe vasculitis, characterized by necrotic vascular walls with infiltrations of heterophils and mononuclear phagocytes, was present throughout the chorioallantoic membrane (CAM) ( Fig. 4 ). Large brucellae-filled foamy macrophages and granulocytes were diffusely present in the mesoderm. Similar phagocytic cells were within intraepithelial and mesodermal capillaries. Bacteria were also inside fibroblasts, while endodermal and ectodermal cells lining the CAM remained free of B. abortus (Fig. 5 ).
Evidence of disseminated infection was first found
3 days after inoculation. B. abortus was inside blood vessels, within interstitial mesenchymal cells, and in mononuclear cells of all tissues sampled. Liver, spleen, heart, and renal glomeruli were the most severely affected. The number of organisms was greater and the extent of the infection was more severe than in embryos inoculated in the yolk sac (YS). Most B. abortus were inside large foamy macrophages located within and around blood vessels. Infection of individual hepatocytes was present 5 days after inoculation ( Fig. 6 ). In the kidneys, normal glomerular architecture was masked by brucellae-filled phagocytic cells ( Fig. 7) . No B. abortus was found within tubular epithelial cells. B. abortus was present within scattered myocardial cells in all infected hearts.
Yolk sac, chorioallantoic, and intravenous inoculations of 10-day-old embryos. Survival time and histopathological findings in YSand CAM-inoculated embryos were similar and were indistinguishable from those in embryos inoculated on the CAM at 12 days. In the IV-inoculated group, survival time was markedly reduced. Localization of bacteria was similar to that seen in embryos sampled after CAM inoculations. However, inflammatory cell infiltrates were less prominent, and extracellular organisms were more abundant in all tissues.
Electron microscopy
Yolk sac inoculation. In yolk-endodermal cells, B. abortus was within cisternae of the rough endoplasmic reticulum (RER) throughout the cytoplasm (Fig. 8) .
The limiting membranes of brucellae-filled cisternae were folded around the organisms and discontinuously lined by ribosomes. In infected cells, individual brucellae were seen in contact with apical plasma membranes, in coated-pits, or inside phagosomes between the vitelline surface and apical vacuoles (Fig. 8 ). Below the endoderm, B. abortus was within pleomorphic, undifferentiated, mesenchymal cells. In moderately infected cells, the organisms were located within dilated cisternae of the RER, while in heavily infected ones, the brucellae were inside membrane-bound vacuoles. Extracellular bacterial colonies were abundant between infected cells and in the lumen of vitelline blood vessels.
In mesothelial cells, brucellae-filled RER cisternae were continuous with normal-appearing RER and with cisternae of the nuclear envelope. Brucellae were also found within the perinuclear space. Severely infected cells had signs of degeneration (cell swelling, vacuolation, and proteolysis); some had sloughed into the extraembryonic coelom or abdominal cavity. In the glomeruli of the mesonephros, B. abortus was inside membrane-bound vacuoles within endothelial and mononuclear phagocytic cells. Extracellular organisms and brucellae-filled monocytes were between endothelium and basement membrane supporting podocytes of the visceral epithelium.
Chorioallantoic inoculation. In all infected tissues, most intracellular organisms were within intra-and extravascular phagocytic cells and inside interstitial 6 . B. abortus within macrophages (arrows) and hepatocytes (He). Liver, 5 days after chorioallantoic membrane inoculation. Immunoperoxidase-hematoxylin. Fig. 7 . Severely infected glomerulus (Gl). Kidney, 5 days after chorioallantoic membrane inoculation. Immunoperoxidase-hematoxylin. Bar = 50 km. mesenchymal cells. Brucellae-infected phagocytes con-also contained electron-dense amorphous materials, tained numerous spherical lipid droplets ranging from lipids, and cell debris ( Fig. 9 ). Evidence of cell degen-1 to 2 pm in diameter. Five to ten morphologically eration was present in severely infected phagocytes. In intact B. abortus were within phagolysosomes, which mesenchymal cells, especially mature fibroblasts, B. Fig. 9 . B. abortus within phagolysosomes in fixed mononuclear cells (MC) and circulating granulocytes (Gr). Spleen, 5 days after chorioallantoic membrane inoculation. Glutaraldehyde fixation. Bar = 2 pm. abortus was located within cisternae of the RER (Fig.  10) . Typically, less than ten bacteria were found in this location. No ribosomes were on the cytoplasmic side of brucellae-filled vacuoles in more heavily infected cells.
In the kidneys, the lumen of glomerular capillaries was obliterated by phagocytic cells containing hundreds of bacteria. These cells were either inside the capillary lumen or between the endothelium and the basement membrane supporting the podocytes. In half the samples, individual organisms were found inside endothelial cells or free below the visceral epithelium basement membrane. Outside glomeruli, the largest number of B. abortus were within lipid-loaded macrophages. Organisms were also present, although in smaller numbers, within the cisternae of the RER of lymphatic endothelial cells and fibroblasts (Fig. 10) .
Samples taken on post-inoculation day 3 and thereafter had intra-and extracellular B. abortus throughout the liver, either in blood or in the perivascular granulopoietic areas and spaces of Disse. Intracellular organisms were only within large lipid-laden phagocytes (Kupffer cells), in endothelial cells, and within stellate mesenchymal cells forming the perivascular reticulum. Individual extracellular bacteria were frequently between hepatocytes. At 5 days post-inoculation, the liver was heavily infected, mainly with intracellular bacteria. Brucellae-infected phagocytic cells still predominated; however, the organisms were also abun- Fig. 10 . In fibroblasts (Fi) surrounding renal tubules, B. abortus (Br) within cisternae of rough endoplasmic reticulum (RER), perinuclear envelope (PE), and phagolysosome (PL). Kidney, 5 days after chorioallantoic membrane inoculation. Glutaraldehyde fixation. Bar = 1 pm. Fig. 11 . Immunogold-labeled brucellae in perinuclear cytoplasmic cisternae of a myocyte. Myocardium, 5 days after chorioallantoic membrane inoculation. Glutaraldehyde fixation. Bar = 1 pm. dant within perivascular mesenchymal cells and, in two embryos, hepatocytes. In the hepatocytes, B. abortus was located within dilated cisternae of the RER. Signs of hepato-cellular degeneration were not seen.
In the spleen, organisms were inside interstitial macrophages and reticular cells (Fig. 9 ). In the latter, B. abortus was within the RER. Cells of the hematopoietic islets were never infected. In the heart, the organisms were within intracytoplasmic cisternae in the center of several myocardial cells. The outer membrane of the brucellae-filled cisternae was not lined by ribosomes, but was continuous with the outer membrane of the perinuclear envelope (Fig. 11 ).
Discussion
This study indicates that bacteremic B. abortus spreads throughout all avian embryonic tissues, but localizes chiefly within cells of mesodermal derivation. In contrast, invasion of internal organs, after chorioallantoic membrane (CAM) inoculation, was not seen in previous ~t u d i e s , '~~~~ although in one, the organism was recovered from cardiac blood.23 B. abortus is especially selective for mononuclear phagocytes, fibroblasts, and endothelial cells. 6 We did not see B. abortus in cells of ectodermal or endodermal origin, other than vitelline epithelium. This differs markedly from most previous studies in which B. abortus was found within chorionic ectodermal cell^.^,'^,'^^^^ B. abortus proliferation within cells of the three germ layers, including kidney tubular epithelium and chorionic endoderm, was described following yolk sac (YS) inoculation of 10-day-old embryos.lg We did not find bacteria in these two locations; however, numerous organisms were within yolk endoderm and kidney glomeruli, which were reported as remaining free of bacteria.19
Tissue localization of B. abortus in each experimental group was related to the distribution of the phagocytic cells of the reticulo-endothelial system at that particular age. Phagocytic activity of this system begins early in chick embryonic life,29 and different embryonic tissues have various phagocytic patterns throughout chick d e~e l o p m e n t .~J~,~~~~~ The mesodermal layer of the YS wall, the areolar connective tissue of the mesenteries and body wall, and the kidney glomeruli play a dominant role in uptake of colloidal materials in 3-to 9-day-old embryos.ZZ Later, their importance diminishes as liver and spleen become the principal phagocytic ~i t e~.~,~~,~~.~~ We found a similar distribution with B. abortus, e.g., embryos inoculated at 6 days had brucellae-filled macrophages chiefly in the YS wall mesoderm and kidney glomeruli, while embryos injected at 10 and 12 days had infected macrophages mainly within kidney glomerular, hepatic, and splenic capillaries.
Morphological evidence indicates that B. abortus
replicates within the rough endoplasmic reticulum (RER) of mesenchymal, mesothelial, yolk endodermal, and hepatic parenchymal cells. Similar localization has been reported within caprine chorioallantoic tropho-b1asts.l Legionella pneumophila has a similar intracellular localization within phagocytic cells. l 6 However, in vitro studies with human blood monocytes'6 and the amoeba Naegleria fowleri28 suggest that L. pneumophila actually inhabits ribosome-studded cisternae. Phagocytized legionellae are first enclosed in vacuoles which are encircled by mitochondria and subsequently lined by ribosomes. In chicken embryonic cells, as in caprine trophoblasts,' brucellae-filled cisternae were continuous with normal RER and with perinuclear envelopes. Also, B. abortus was occasionally present within cisternae of the perinuclear envelope. We consider these morphological criteria as evidence of B. abortus localization within RER cisternae, rather than within ribosome-lined phagosomes.
Penetration and replication of B. abortus within vitelline endodermal cells are probably the initial events in YS infection of the chick embryo. Entry or replication of bacteria within epithelium, the "epithelial phase" of intracellular bacterial parasitism,30 has been reported primarily for organisms entering the intestinal epithelium, e.g., Listeria monocytogenes, 30 Chlamydia psittaci, and Shigella dysenteriae. l 4 Accordingly, it has been suggested that penetration and intracellular replication of B. abortus within ruminants' chorioallantoic trophoblasts represent an "epithelial phase" of bru-ce1losis.l Similar events occurred in YS-inoculated embryos.
Transfer to the RER may provide a mechanism for B. abortus to escape intracellular digestion and a favorable environment that enhances bacterial growth. Inhibition ofphagolysosome fusion is one ofthe mechanisms used by intracellular parasites, including B. to resist intraleukocytic killing.' In absorbing epithelia, macromolecules can be transported unaltered across cells, bypassing lysosomes and thereby avoiding intralyso-soma1 dige~tion.~ Antibodies and serum proteins follow a similar intracellular pathway in yolk endodermal cells, while latex spheres, a particulate marker, are transported into intracellular yolk drops. 26 Different factors are probably involved in the age- and on both sides of endothelial cells, we believe that transendothelial transport is possible. In chicken embryos inoculated via the YS on the 6th day of incubation, in addition to bacteremia, spread of B. abortus along serosal surfaces is also important in dissemination of infection. As suggested in caprine chorionic trophoblast infection,' chicken embryo serosa could be infected by phagocytosis of free brucellae or cytoplasmic fragments containing brucellae, which have been released into the coelomic cavity after rupture of adjacent necrotic mesothelial cells. In the yolk stalk region, the mesothelial lining of the extraembryonic coelomic cavity is continuous with the intraembryonic serosal surfaces. I
